Endogenous gibberellin (GA)-like substances were examined in suspension cultures of somatic embryos of a hybrid grape ( Vitis vinifera x Vitis rupestris) during embryogenesis, and in mature embryos chilled at 4°C, and subsequently incubated at 26°C with and without abscisic acid (ABA). The extract was separated into a nonpolar fraction (would contain GA-precursors) a fraction that would contain free GAs; and a highly H20-soluble fraction (would contain GA glucosyl conjugates and very polar free GAs). Quantitation after SiO2 partition chromatography was accomplished by microdrop and immersion dwarf rice bioassays. As embryogenesis developed, the free and highly H20-soluble GA-like substances, expressed on a dry weight basis, decreased (however, they increased on a per embryo basis). Chilling at 4°C for 1 week greatly increased activity of free GA-like substances (per g dry weight and per embryo), it then declined over the next three weeks of chilling. Activity (per g dry weight and per embryo) in the H20-soluble fraction declined throughout chilling. Activity in the GA-precursor fraction, however, increased steadily with chilling (per g dry weight and per embryo). Incubation at 26°C after chilling enhanced activity in the free GA and H20-soluble fractions (per g dry weight and per embryo), but activity in the GA-precursor fraction dropped dramatically. Incubation at 26°C with (±) ABA after chilling prevented germination and maintained high activity for GA precursors and less polar free GAs and low activity in the polar free GA and H20-soluble fractions.
inhibit the formation of embryos in carrot (5-7). However, GAs3 appear to inhibit somatic embryogenesis in mandarin orange, carrot, and anise (5, 19, 24) and inhibition of somatic embryo development in anise and carrot is correlated with high levels of endogenous GA, (a native GA [19] ) and a reduced rate of [3H] GA, metabolism (18) .
Germination of mature somatic embryos (e.g. plantlet formation) can also be regulated by GA3. In grape, GA3 is required for germination of the mature somatic embryo if chilling is not given (13, 22) . These data suggest that endogenous GAs may have important regulatory roles in development and germination of somatic embryos. The present work examines qualitative and quantitative changes of endogenous GA-like substances during embryogenesis, and subsequent development of mature embryos in somatic suspension cultures of grape.
MATERIALS AND METHODS Plant Materials. Somatic embryos were derived from the callus formed by anthers of a hybrid grape Vitis vinifera L. x Vitis rupestris Scheele cultured in a liquid medium (17) supplemented with 1 gM BA and 5 ,AM 2,4-D (22) . Harvests of developing embryos were made at the globular, heart-shaped, and torpedoshaped plus mature stages. Mature embryos were chilled at 4°C for 1, 2, or 4 weeks, then harvested. Mature embryos chilled for 4 weeks were then incubated at 26°C for 10 d with and without 10 Mm (±) ABA, then harvested. The use of ABA in this manner will inhibit germination of the embryos and the subsequent production of plantlets (23) . Harvested embryos were rinsed in cold H20, frozen in liquid N2, freeze-dried, and stored at -40°C until extracted.
Extraction, Separation, and Bioassay of GA-Like Substances. The freeze-dried embryos were extracted with 80% aqueous MeOH (below 0°C, at least 10 ml/g dry weight) twice in a mortar and pestle, and the extract was purified by a procedure ( 11) using small preparative columns packed with 55 to 105 Plant Physiol. Vol. 73, 1983 and subsequently with the same volume of 100% MeOH. The 80% MeOH eluate was diluted with H20 to yield a 50% MeOH solhrtion, which was then passed through a second column (as above), followed by a wash of an equal volume of 50% MeOH (these were called the 50% MeOH eluate). The second column was subsequently washed with 100% MeOH in the same manner as above. The 100% MeOH eluates of both columns were combined to yield a nonpolar fraction. This fraction would contain the GA precursors kaurene and kaurenoic acid (11) . The 50% MeOH eluate was evaporated in vacuo at 35°C and the residue dissolved in EtOAc:MeOH (1:1) to give a fraction that will contain free GAs plus a portion of the GA glucosyl conjugate(s) (11) . This fraction was then chromatographed on a SiO2 partition column (4) . Fifteen 33-ml fractions were collected from the SiO2 partition column, plus a final wash of the column with 100% MeOH (to elute the EtOAc:MeOH-soluble GA-glucosyl conjugates [11] Table II) . However, the residual GA-like substances in the nonpolar fraction (Table I) were further subjected to HPLC on a C18 reverse phase g-Bondapak column (3.9 x 300 mm) (Waters Scientific Ltd.) eluted with a gradient of MeOH:H20 (1% acetic acid) (10) at a flow rate of 2 ml/min. The 2-ml HPLC fractions from samples 7 and 8 (Tables I and II) were bioassayed by the microdrop assay (as above). Active fractions were methylated using diazomethane, then derivatized with TMSi [N, O-bis(trimethylsilyl)trifluoroacetamide], and subjected to GLC (Packard model 430, FID at 250C) on three packed columns; 3% OV-10l (2.5 mm x 2 m, 220°C), 1% XE-60 (2.5 mm x 2 m, 205C), and 2% QF-l (2.0 mm x 2 m, 195°C) with He carrier gas flowing at 50 ml/min (Table III) . Subsequently, GLC-MS was accomplished on a Hewlett-Packard model 5990A for GLC-FID peaks that could have represented GAs or GA precursors.
RESULTS

Growth of Embryos and Their Germination in Response to
Chilling. The changes in dry weight (per embryo) and percentage germination at various stages of development and/or after various times of chilling, are given in Table I . There was a 19-fold weight increase between the globular and mature stages, no change in weight for the first 2 weeks of chilling, and then a modest (1.1-fold) increase between the 2nd and 4th weeks of chilling. Immature embryos (without chilling) show virtually no germination, and complete germination was obtained only with 4 weeks of chilling (Table I ). The addition of 10 ,M (±) ABA to the medium prevents germination (at 26°C) of mature embryos chilled for 4 weeks ( Table I) .
Changes of GA-Like Substances during Embryogenesis. The levels ofGA-like substances in embryos at globular, heart-shaped, and torpedo-shaped plus mature stages are given in Table II (samples 1-3) on both a dry weight and per embryo basis. It should be noted here, and remembered in later sections, that the results in Table II are expressed in GA3 equivalents. Kaurene and kaurenoic acid are, for example, <1/100 as active as GA3 (15) , hence expression as GA3 equivalents will underestimate actual amounts of GA precursors and many free GAs and GA glucosyl conjugates.
Per g dry weight activity in the nonpolar fraction that will contain GA precursors increased up to the heart-shaped stage, then dropped appreciably at the torpedo-shaped plus mature stage. A similar trend was noted for activity in the highly H20-soluble fraction (which will contain GA glucosyl conjugates). However, the level of free GA-like substances decreased as embryogenesis proceeded, almost disappearing by the torpedoshaped plus mature stage.
On a per embryo basis, however, the trends tended to be just the opposite. Ten-and 12-fold increases in activity occurred during embryo development for the GA-precursor and highly H20-soluble fractions. Similarly, both less-polar (except GA9-like) and polar free GA-like substances increased between the globular and heart-shaped stages, but decreased to almost undetectable values at the torpedo-shaped plus mature stage. Thus, by the mature stage, but prior to chilling, each embryo has increased amounts of GA precursor-like substances, and also increased levels of highly H20-soluble GA-like substances, but very low levels of free GA-like substances (Table II) .
Changes of GA-Like Substances in Mature Embryos during Chilling. The mature embryos were chilled at 4°C to allow further development; at least 2 weeks is required to induce normal germination ( [22] and Table I ). Levels of activity of GA-like substances in embryos chilled for 1, 2, and 4 weeks are given in Table II (samples 4-6).
The activity of the GA-precursor fraction increased dramatically as chilling proceeded from weeks 1 to 4, both per g dry weight and per embryo. Conversely, activity in the highly H20-soluble fraction decreased as chilling progressed. The total activity of free GA-like substinces did not change during chilling (although it increased from virtually a nil level just prior to chilling, to a modest level after 1 week of chilling). However, within the fraction that would contain free GAs there was a tendency toward a decrease in less-polar GA-like substances (to nil values by week 4 of chilling) and an increase in more polar GA-like substances with chilling.
Thus, during chilling the biological activity in the fraction that would contain GA-precursors increased dramatically, activity in the fraction that would contain GA-glucosyl conjugates decreased appreciably, and total activity in the free GA fraction did not change appreciably.
GA-Like Substances in Mature Embryos after Chilling, with and without ABA. Mature embryos chilled at 4°C for 4 weeks were incubated at 26°C for 10 d to allow germination. However, if 10 ,M (±) ABA is present in the medium germination will not proceed even though the chilling requirement has been met ( [23] and Table I ).
Embryos whose chilliing requirement had been met showed an appreciable drop in activity in the GA-precursor fraction, both per g dry weight and per embryo (Table II, sample 7 ). This nonpolar fraction was chromatographed subsequently on C18 HPLC prior to characterization of kaurene and kaurenoic acid by GCC-MS (Fig. 1) b Increase in dry weight, relative to sample 7, is due to expansion of cotyledons in presence of (±) ABA. b Includes activity from free GA4 and GA9, which were anomalously characterized in this fraction by GLC-MS (See "Results" and Table III ).
assay ofthe HPLC fractions (see Fig. 4 in [ 11 ] ). However, activity in the highly H20-soluble fraction increased, as did activity in both the less-polar and polar regions ofthe SiO2 partition column (Table II) . However, embryos whose germination was arrested by ABAmaintained high levels of activity in the GA precursor fraction, although an unknown proportion of this activity may be accounted for by less polar free GAs such as GA4 and GA9 (Table  III) . THese free GAs were detected anomalously in this fraction, probably due to tailing caused by a pH below 6.0 in the 50% MeOPH eluting solvent (see Table II in [1 1] ). Unfortunately, pH of the 50% MeOH eluting solvent was not monitored, and the high dry weight in sample 8 (see Table I ) may have contributed an excess of acidic compounds to this extract.
Characterization of Endogenous GAs. The GA-precursor fraction from embryos incubated at 26°C after chilling (Tables I and  II , samples 7 and 8) yielded sufficient biological activity for further characterization. This fraction (Table II, sample 7) was chromatographed on analytical C18 HPLC (10) , yielding a single biologically active peak whose Rt (60-64 min) was coincidental with kaurene and kaurenoic acid. Methyl derivatives of this fraction were subjected to GLC, yielding two FID peaks whose Rt were coincidental with kaurene and kaurenoic acid (7.2 and 14.3 min, respectively). Their identity was subsequently confirmed by GLC-MS (Fig. 1) . The GA-precursor fraction from ABA-treated embryos (Table  II, sample 8 ) was subjected to HPLC, which yielded biological activity not only in the kaurene/kaurenoic acid region (as noted above), but also significant activity in fractions where free GAs will elute (10) . Several of these biologically active peaks were (Table II, sample 7) , and GLC-MS profiles of authentic standards of kaurene and kaurenoic acid.
subjected to GLC-FID analysis. A GA4-like substance was detected (Rt 5.8, 6.8, and 9.4 min on 3% OV-101, 1% XE-60, and 2% QF-1, respectively; Rt of standard GA4 is 5.9, 7.0, and 9.4 min on the corresponding columns), as was a GA9-like substance (Rt 4.6, 5.4, and 6.3 min on the respective columns as above; 4.5, 5.6, and 6.4 min on the corresponding column for standard GA9). This identity was further confirmed by GLC-MS (Table  III) . Their anomalous presence in this nonpolar fraction is discussed above. DISCUSSION The level of endogenous GA-like substances, especially free GA-like substances, was markedly reduced (on a dry weight basis) in torpedo-shaped plus mature stage embryos of grape (Table II) . A similar tendency was noted for GAI and other polar GAs in somatic embryos of anise and carrot (18) . These findings are consistent with the fact that somatic embryogenesis can be inhibited by exogenously applied GAs (5, 18, 24) and imply a regulatory role, albeit inhibitory, for high levels ofGAs in somatic embryogenesis. In somatic cultures of carrot, development of embryos was not influenced by exogenous GA3 at the globular and early heart-shaped stages, whereas it was inhibited at heartshaped and torpedo-shaped stages (5) . This change in response to GA3, and the relatively high levels of endogenous GA-like substances at early stages of embryogenesis (Table II 
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Plant Physiol. Vol. 73, 1983 Table III. GLC-MS ofMe, TMSi-Derivatives ofGibberellin-Like Substances Derivatives were purified by HPLC (Rt 34-40 min) (10) in the 100% methanol eluate of a preparative column of C18 material (I 1) (e.g. nonpolar fraction) of a methanolic extract of mature somatic grape embryos incubated at 26°C in the presence of(±) ABA after being chilled at 4°C for 4 weeks (Table II, (5) 386 (3) 358 (2) 328 (7) 296 (6) 289 (8) 284 (20) 277 (100) 225 (21) 224 (21) 73 (44) Standard GA4 418 (9) 386 (6) 358. (2) 328 (16) 296 (13) 289 (17) 284 (47) 277 (11) 225 (50) 224 (60) 73 (100) Substance Ib 330 (7) 298 (34) 286 (6) 270 (29) 243 (25) 227 (25) 226 (30) 91 (38) 28 (100) Standard GA9 330 (12) 298 (64) 286 (9) 270 (57) 243 (49) 227 (44) 226 (61) 91 (100) 28 (11) a Whose Rt on GLC is coincidental to that of GA4 on 3% OV-101, 1% XE-60, and 2% QF-1 columns. bWhose Rt on GLC is coincidental to that of GA9 on 3% OV-101, 1% XE-60, and 2% QF-1 columns.
free GAs initially, followed by a rapid decrease of free GAs. In fact, the 2,4-D suppression of continued embryogenesis of somatic anise and carrot embryos is accompanied by high levels of GA, and a reduced ability to metabolize [3H]GA, (18) . Mature grape embryos also have somewhat reduced levels (per g dry weight) of activity in fractions that would contain GAprecursors and GA glucosyl conjugates (Table II) , relative to heart-shaped embryos, implying a rapid rate of metabolism in the latter stages of embryo development. However, when expressed on a per embryo basis, the trend is reversed. If the amount of GA precursor-like substance present in each embryo (rather than per unit dry weight) is important in future events, and if the amount of biologically active, highly H20-soluble substance per embryo neither reflects past rapid metabolism of free GAs into very polar GAs or GA conjugates, or was indicative of a pool of biologically active GA-conjugates that could be hydrolyzed for use in subsequent growth and germination, then expression of endogenous growth substances per embryo might be more informative than expression per unit dry weight.
Kaurene and kaurenoic acid were identified by GLC-MS in somatic grape embryos (Fig. 1) , along with GA4 and GA9 (Table  III) . Although a wide variety of free GAs have been characterized in several tissues of many plant species (2), relatively few characterizations (except by metabolism in cell-free systems [8] ) of these two GA-precursors in higher plants have been made (2, 9, 12, 20, 21) . The present work used small preparative columns of C18 material --Sio2 partition to separate the component parts ofthe extract (1 1) . This procedure allowed us to save the fraction containing kaurene and kaurenoic acid in a relatively purified form (11) so that bioassay, HPLC -. bioassay, and GLC-MS could be readily accomplished.
Chilling the mature embryos results in a rapid (1 week) increase in free GA-like substances, although activity in the GA-precursor fraction and the highly H20-soluble fraction remains low. However, by weeks 2 and 4 of chilling, activity in the GA precursor fraction has increased substantially (Table II) . Finally, the drop in activity ofthe GA-precursor fraction, coupled with the increase in activity in the free GA fraction following chilling (Table II) , indicates that the increased free GA-like substances may originate from a build-up in GA-precursors during the latter stages of chilling, rather than from possible hydrolysis of GA-glucosyl conjugates.
The finding that the levels of free GA-like substances may be lowered by ABA (Table II) is consistent with the findings (22, 23 ) that: (a) germination of chilled somatic grape embryos is inhibited by exogenous ABA; (b) levels of endogenous ABA increase during embryogenesis; (c) chilling leads to a marked reduction in ABA level in somatic grape embryos; and (d) endogenous ABA levels are high in embryos which do not receive chilling.
The present findings, dealing with GA-like substances, along with previous reports (20, 21) dealing with ABA, imply that both GAs and ABA have important roles in regulation ofdevelopment and germination in somatic grape embryos.
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